The ascomycetous genus Taphrina Fries originally contained more than 90 phytopathogenic microscopic dimorphic ascomycetes causing specific infections in different vascular plants. Although species have mainly been identified historically according to their host and morphological and physiological traits, they can be studied and preserved in the form of yeasts arising from germinating ascospores. Due to low DNA sequence divergence and the lack of available strains, the number of accepted Taphrina species has currently been reduced to 28. The aim of this study is the description of three previously accepted species. Taphrina bullata (type strain CCY 58-4-15CBS 12783), Taphrina insititiae (type strain CCY 58-5-15CBS 12782) and Taphrina rhizophora (type strain CCY 58-6-15CBS 12781), which have been omitted from a recent key. The host range, the divergence of the 26S rRNA gene sequence, internal transcribed spacers (ITS) and the mitochondrial small ribosomal subunit (rns) sequence strongly support their reassignment as species.
INTRODUCTION
Taphrina Fries is a genus of yeast-like fungi that parasitize plants, mainly angiosperms but also ferns. As phytopathogens, they cause hypertrophy of infected host tissues manifested by typical morphological changes. These include 'leaf curl', 'witches brooms', tongue-like outgrowths from female catkins and spots on leaves or deformed fruit, which are most visible in spring. They are detrimental to various stages; from seedlings to mature trees and shrubs, reducing overall vitality and productive capability. More than 90 species belonging to the genus Taphrina have been described, mainly on the basis of the host range, geographical distribution, morphological features such as the size and shape of asci and ascospores, mycelium habits, the presence or absence of stalk cells, stalk cell size and shape and their pathological effects on host plant tissue (Sadebeck, 1893; Mix, 1949; Gjaerum, 1964; Sałata, 1974) . The empirical taxonomical criterion that individual species of the genus Taphrina exclusively parasitize one plant species causing typical morphological changes has been challenged by several authors (Mix, 1949; Gjaerum, 1964; Bacigálová et al., 2003; Fonseca & Rodrigues, 2011) . All members of the genus Taphrina are dimorphic with a strictly phytoparasitic filamentous state, bounded to living plant cells and forming dikaryotic mycelium and asci with ascospores (i.e. the teleomorph). However, budding of the ascospores (anamorph) produces a saprobic yeast state, and all species of the genus Taphrina can be cultivated for further study on widely used yeast media in vitro.
The advent of molecular methods based on DNA sequencing and comparative analysis prompted re-evaluation of the species and further differentiation within the genus Bacigálová et al., 2003; Fonseca & Rodrigues, 2011) . However, lack of available strains in major culture collections has reduced the number of currently recognized species to 28 (Fonseca & Rodrigues, 2011) . could be resolved by differences in the D1/D2 sequence of the large ribosomal 26S rRNA gene subunit. These authors analysed this segment for all described species of ascomycetous yeasts, resulting in a diagnostic database for rapid species identification. The comparison of divergence in ascomycetous strain-pairs with previously determined nuclear DNA reassociation values revealed that co-specific strains differed by no more than three of the 500-600 nucleotides in the D1/D2 domains, whereas a difference of six or more nucleotides (1 %) indicated that the strains represented different species (Kurtzman & Robnett, 1998; Kurtzman, 2010; Kurtzman et al., 2011a) .
Members of the genus Taphrina are one of the few exceptions where the D1/D2 region appears somewhat conserved and negates discrimination of all yeast species (Kurtzman, 2010; Kurtzman et al., 2011a) . For example, Taphrina virginica and Taphrina wiesneri or Taphrina americana and Taphrina pruni-subcordatae exhibit identical sequences although they parasitize different host species. In addition, in several cases, interspecies differences amounted to fewer than three nucleotide positions Bacigálová et al., 2003; Fonseca & Rodrigues, 2011) .
Therefore, species of the genus Taphrina have been previously distinguished according to sequences in the internal transcribed spacer (ITS) region. This comprises ITS1, the 5.8 S rRNA gene and ITS2, located between the nuclear small and large rRNA genes of the rRNA gene repeat. Although this segment displays a higher degree of divergence in closely related species, it is relatively conserved within species with identity greater than 99 % Fonseca & Rodrigues, 2011) .
Yeast phenotypic and genotypic traits are summarized in a recent taxonomical key. Here, for the first time, to our knowledge, this genus was placed in the yeast systematics describing 28 recognized species (Fonseca & Rodrigues, 2011) . Some of the originally described species were not considered because available cultures were mislabelled, misidentified or reclassified from molecular data. The lack of available cultures in major culture collections imposed the major effect on this reduction, although molecular data had been published in some cases (Cunnington & Mann, 2004) . These species include Taphrina bullata, which causes leaf spots on pears (Pyrus communis); Taphrina insititiae, which produces deformed twigs and 'witches brooms' on damson plums, (Prunus insititia) and Taphrina rhizophora, which causes forms on the carpels of white or silver-leaved poplars (Populus alba) (Bacigálová, 2010; Fonseca & Rodrigues, 2011) .
The purpose of this work is to describe these three 'missing' species collected during mycofloristic research in different parts of Slovakia.
METHODS
Isolation and characterization of yeasts. The species of the genus Taphrina described in this study were isolated from naturally infected host plant tissues using spore-fall methods, during April and May spring seasons in the years 2011-2012 in Slovakia. The visual symptoms of infected plants and morphological features have been determined using the keys of Mix (1949 ) & Bacigálová (2010 The detailed isolation procedures and anatomical-morphological characterization were as described by Bacigálová et al. (2003) . The physiological traits were characterized by standard methods (Kurtzman et al., 2011b; Fonseca & Rodrigues, 2011) , and the names of host plants are according to Marhold & Hindák (1998) . All collected specimens of members of the genus Taphrina were deposited in the Mycological Herbarium of Institute of Botany, Slovak Academy of Sciences, and the new type strains of the species were deposited in the Culture Collection of Yeasts in the Institute of Chemistry, Slovak Academy of Sciences (CCY) and also with the Centraalbureau voor Schimmelcultures Utrecht, The Netherlands (CBS). The yeast strains were stored at 270 uC in a liquid medium with 25 % (v/v) glycerol.
DNA sequence analysis. Genomic DNA was isolated from the cultures grown on YPD agar plates, as described by Gadanho et al. (2001) , with additional phenol : chloroform and chloroform extractions steps before final DNA precipitation.
The divergent D1/D2 domain (nucleotides 63-642 for Saccharomyces cerevisiae) at the 59 end of the rRNA gene of the cytoplasmic large ribosomal subunit was amplified by PCR with primers NL1 (59-GCA TAT CAA TAA GCG GAG GAA AAG) and NL4 (59-GGT CCG TGT TTC AAG ACG G) as described by Kurtzman & Robnett (1998) and by Laurenčík et al. (2008) .
Primers ITS1 (59-TCCGTAGGTGAACCTGCGG) and reverse primer ITS4 (59-TCCTCCGCTTATTGATATGC) (White et al., 1990) were employed for the amplification of the ITS region under the same conditions described for the D1/D2 domain.
Part of the gene for the mitochondrial small rRNA subunit (rns) was amplified from genomic DNA with primers SSU1 (59-GTG CCA GCA GTC GCG GTA ATA C) and SSU5 (59-CAG GTT CCC CTA CAG TAA CTG TAT TTC AAC TT) with the initial denaturation step at 94 uC for 3 min. This was followed by denaturation at 94 uC for 45 s, annealing at 50 uC for 2 min and extension at 72 uC for 2 min, for 36 cycles, with a final extension for 5 min.
Individual PCR products were treated by the ExoSAP-IT cleanup kit (USB) according to the manufacturer's instructions, and DNA was directly sequenced with one of the amplification primers using Applied Biosystems BigDye Terminator v3.1 Cycle Sequencing kit and ABI3100-Avant Genetic Analyzer (Applied Biosystems). PCR products for the mitochondrial rns gene were also sequenced with nested TSSUup primer (59-TAA AGA CTG ACG TTG AGG GAC GTA).
Sequences were edited in CHROMAS version 1.45 and compared with the NCBI database (http://www.ncbi.nlm.nih.gov/) by the simple standard nucleotide-nucleotide BLASTN program (Altschul et al., 1990 and 1997) . Sequences were deposited in GenBank.
The sequences were aligned using the CLUSTAL W multiple sequence alignment programme included in the CLUSTAL_X (1.8) package (Thompson et al., 1997) . Rooted phylogenetic trees were recon-structed using the neighbour-joining method of the CLUSTAL_X (1.8) package. The stability of individual branches was assessed by the bootstrap method (Felsenstein, 1988) , and the numbers given at nodes in the trees are the scores with which a given internode appeared in 1000 bootstrap replicates.
RESULTS AND DISCUSSION
Description of Taphrina bullata (Berk. & Broome) Tul.
Six isolates of Taphrina bullata from different locations in the south-western region of Slovakia from Pyrus communis L. emend. Burgsd were collected and characterized. This yeast species causes approximately 10 mm large irregular, concave, slightly thickened patches of light green spots on the leaves of Pyrus communis which later turn to yellow and brown. In the mature asci stage, the bottoms of the spots are covered with an off-white coat, indicative of asci with ascospores (Fig. 1a) .
The mycelium grows subcuticullary in the leaves' intercellular spaces. The asci are cylindrical to clavatecylindrical, 21-4768-15 mm, but most frequently 25-35610-12 mm, and they are round at the apex. The stalk cells measure 10-1567-12 mm and these are usually identical in breadth to the asci base. The ascospores are 6-864-7 mm and oval or ovoid to spherical (Fig. 1b) .
The yeast cultures grow slowly on yeast extract-malt extract (YM) agar. After 1 week at 21 u C, the colonies are pale pink, pinkish orange to salmon and butyrous with a smooth lustrous surface. After 7 days at 21 u C in shake cultures in YM broth, CBS 12783 strain cells are ovoid to ellipsoidal, 2.4-3.863.9-7.1 mm and occur singly or with buds (Fig. 1c) The DNA of all six Taphrina bullata isolates was analysed. The D1/D2 domain of the large-subunit rRNA gene sequence was almost identical, with a substitution in one strain, which does not correspond to the geographical location. The most related species was Taphrina padi CBS 693.93 (GenBank accession no. AF492048) which possessed seven substitutions (not shown). Comparison of the ITS region is a major discrimination criterion and this confirmed profound separation from other species. The four isolates from the western and central parts of Slovakia possess identical sequences and they differ from the eastern Slovakia isolates by only three substitutions. According to the DNA sequence, the most related species exhibited only 93 % identity, which is well below the 99 % threshold defined by and Fonseca & Rodrigues (2011) (Fig. 4) All the most closely related species (Taphrina pruni, Taphrina padi, Taphrina deformans and Taphrina confuse) belong to the clade parasitizing on Rosaceae. To support the separation of T. bullata from related species, we also determined the sequence of an approximately 950 bp DNA segment of the mitochondrial small rRNA subunit gene and compared it with the corresponding sequences from all available related species of the genus Taphrina. Unlike the ITS, this part of the mtDNA remained unchanged in all six examined strains of T. bullata, but it varied considerably from the most closely related species T. padi in five large insertions/deletions (indels) and 32 single base substitutions or indels with an overall rate of 88.5 % identical nucleotides. Description of Taphrina insititiae (Sadeb.) Johanson
Six isolates of Taphrina insititiae were collected from Prunus insititia. These comprised four strains from central Slovakia and two from its eastern region. This species causes thickened growth of twigs and the formation of 'witches brooms' (Fig. 2a) .
The mycelium grows in the intercellular spaces of epidermal tissues of host leaves and twigs. The asci are cylindrical to clavate-cylindrical, 19-4465-12 mm, but most frequently 25-3068-10 mm, and they are round at the apex. The stalk cells measure 6-1265-13 mm, and ascospores are 4-663.5-6 mm and these are spherical, ovoid or oval (Fig. 2b) (Bacigálová, 2010) .
The yeast cultures grow slowly on YM agar. After 1 week at 21 u C, the colonies are cream to pinkish cream, butyrous, with a smooth lustrous surface. After 7 days at 21 u C, in shake cultures in YM broth, CBS 12782 strain cells are cylindrical, ovoid or ellipsoidal 3.5-566-9.1 mm and they occur singly or with buds ( Fig. 2c) . . Their DNA had six substitutions in 574 nucleotides, thus indicating very profound separation, even according to Kurtzman (2010) and Kurtzman et al. (2011a) . The ITS region also yields indistinguishable sequences for all examined strains, and DNA comparison revealed that Taphrina communis, T. deformans, Taphrina flavourubra and Taphrina prunisubcordatae are the most related species within the clade, which exclusively uses Rosaceae as a host. Their DNA divergence was approximately 92 %, well below the 99 % level required for conspecific strains , Fonseca & Rodrigues, 2011 (Fig. 4) 
Description of Taphrina rhizophora Johanson
Taphrina rhizophora, which causes forms on the carpels of white or silver-leafed poplar (Populus alba) is currently considered as synonymous with Taphrina johansonii, which causes the same symptoms on the common aspen (Populus tremula) (Bacigálová, 2010; Fonseca & Rodrigues, 2011) . Sadebeck originally placed both species in T. rhizophora, but he later separated the form on Populus tremula as a novel species, T. johansonii and this separation was acknowledged, despite some overlap in morphological characteristics (Mix, 1949) .
We collected two isolates of T. rhizophora from Populus alba in the western and central parts of Slovakia and compared them with two strains of T. johansonii obtained from the different, but related host Populus tremula from central Slovakia. T. rhizophora (Fig. 3a) and T. johansonii (Fig. 3d) exhibit identical infection symptoms -conspicuous swelling of female catkins' carpels that acquire a golden-yellow colour (aspen tongues). The asci of T. johansonii are clavate to cylindrical, 60-147615-27 mm, rounded at the apex, narrowed toward the base and lack stalk cells. Ascospores are spherical to cylindrical, 42664-5 mm in diameter with budding in many blastospores, which fill the mature asci (Fig. 3e) . Young asci have yellow oily contents, with large yellow globules persisting after spore formation. T. rhizophora asci are longer than those of T. johansonii, and they are the longest of all species found in Slovakia. The asci measure 110-197619-30 mm and they are mostly clavated-cylindrical, rounded at the apex and narrowed toward the base, with numerous rhizoidal extensions (Fig. 3b) . The ascospores are spherical, ovoid to ellipsoidal, measuring 4-762.5-4.5 mm.
In the saprophytic stage, yeast cultures grow slowly on YM agar. After 1 week at 21 uC, the colonies are pink to salmon in colour and butyrous with a smooth lustrous surface. After 7 days at 21 u C, in shake cultures in YM broth, cells of the strain CBS 12781 are ovoid or long ellipsoidal, 3-4.565.5-9.5 mm, and they occur singly or with buds.
Fermentation is absent. old-new Taphrina species nitrite, N-acetyl-D-glucosamine and L-lysine. Growth in a vitamin-free medium is positive. The strains exhibit good growth at 21 u C, slower growth at 25 u C and no growth at 30 u C. There is also no growth with 0.01 % cycloheximide, urease activity is positive, the cells produce starch or extracellular amyloid compounds and the DBB test is negative.
The D1/D2 domain sequence of the large-subunit rRNA gene was identical for both isolates of T. rhizophora and this was most closely related to the species parasitizing the Populus sp. The sequence comparison with the T. johansonii type strain exhibits four substitutions, but only three when compared with our T. johansonii isolates and Taphrina populina DNA differs by five substitutions . Both strains of T. rhizophora exhibit identical sequences for the ITS region that vary from their T. johansonii counterparts in 15 substitutions and one small indel; giving a total of only 97.3 % identical positions . This rate of divergence discriminates T. johansonii and T. rhizophora as separate species. The conclusion emphasized the comparison of the mitochondrial rns genes, where 29 single-nucleotide substitutions or deletions and also six large deletions in the 992 bp region gives only 92 % identity.
The type strain CCY 58-6-1 (5CBS 12781) has been deposited in the Fig. 4 . Phylogenetic tree of Taphrina clade containing three 'novel' species. Neighbour-joining tree based on nucleotide sequences of the ITS region (coding for ITS1, 5.8S rRNA gene and ITS2 of cytosolic rRNA) Fonseca & Rodrigues 2011) . Only sequences from accepted type strains were considered and GenBank accession numbers are given in parentheses (Fonseca & Rodrigues 2011) . The branch lengths are proportional to nucleotide differences, and the numbers given at the nodes are the frequencies of a given branch appearing in 1000 bootstrap replications. Frequencies ,50 % are not given. The outgroup species in this analysis was Protomyces inouyei. The tree significantly differs from the tree presented in Fonseca & Rodrigues (2011) 
Phylogenetic analysis and concluding remarks
Analysis of the molecular data determined in this study revealed that three described species of the genus Taphrina defined in the distant past on the basis of conventional criteria (host plant, geographical origin, type of infection symptom and/or ascus morphology) are indeed genetically distinct. Despite its conserved character, the D1/D2 domain of T. bullata, and T. insititiae, but not that of T. rhizophora is sufficiently divergent to distinguish these two from other members of the genus. It is accepted that the phylogenetic tree calculated from this region exhibits substantial discrepancies and it does not reflect the phylogeny assessed from host plant DNA (Fonseca & Rodrigues, 2011) . This strong association has been inferred from the expected importance of their co-evolution as recognized in other genera of phytopathogenic fungi (for review see Berbee, 2001 ).
In contrast, the ITS region appeared to be more adequate for species discrimination and phylogenetic reconstruction (Fig. 4) (Fonseca & Rodrigues, 2011) . The phylogenetic tree derived from ITS DNA corresponds largely to host plant genera (Fonseca & Rodrigues, 2011) . When three reassigned species are included the high bootstrap values show clear separation in the phylogenetic tree for all new lineages. In addition, they do not change the original branching (Fig. 4) (Fonseca & Rodrigues, 2011) .
We sequenced part of the mtDNA from the described species and compared the sequences to those available from related species. Surprisingly, the comparison of mtDNA rns appears as good as the ITS locus for species discrimination. While ITS sequences from isolates from different geographical locations exhibit significant rates of divergence (this work; Fonseca & Rodrigues, 2011; Komatsu et al. 2010) , mtDNA within one species provided identical or very similar sequences. In addition, the approximately 659 nt sequence of strains of T. deformans collected in Slovakia varies from that of the type strain CBS 356.35 T (GenBank accession no. FJ713610) only in two positions (Schoch et al., 2009 ). The exception was T. wiesneri, where the strains obtained during this work were identical or almost identical but varied significantly from the IFO 7776 strain characterized in the 'Assembling the Fungal Tree of Life (AFTOL)' project (Schoch et al., 2009) . The phylogenetic tree for mtDNA also closely mimics well hostpathogen co-evolution trends (Fig. S1 , available in IJSEM Online).
Progress in the systematics and phylogeny of the genus Taphrina will undoubtedly require regaining and describing novel strains from the species previously obtained and studied previously (Mix 1949) . The second apparent and significant remaining task is characterization of the sequences for a larger number of isolates within one species in order to avoid the one-strain paradox (Kurtzman 2010) . In addition to mycofloristic research, there are also multiple sources in dried herbarium specimens available from several herbaria. However, unfortunately there has been no report of successful isolation of any species of the genus Taphrina from dried material (Cunnington & Mann 2004) .
